Growth anomaly is a prominent feature in Wolf-Hirschhorn syndrome (WHS), a rare congenital disorder caused by variable deletion of chromosome 4p. While growth charts have been developed for WHS patients 0-4 years of age and growth data available for Japanese WHS patients 0-17 years, information on pubertal growth and final height among WHS children remain lacking. Growth hormone (GH) therapy has been reported in two GH-sufficient children with WHS, allowing for pre-puberty catch up growth; however, pubertal growth and final height information was also unavailable. We describe the complete growth journey of a GH-sufficient girl with WHS from birth until final height (FH), in relation to her mid parental height (MPH) and target range (TR). Her growth trajectory and pubertal changes during childhood, when she was treated with growth hormone (GH) from 3 years 8 months old till 6 months post-menarche at age 11 years was fully detailed.
Background
Wolf-Hirschhorn syndrome (1, 2, 3, 4) (WHS) is a rare congenital disorder caused by variable deletion of the short arm of chromosome 4 (2, 5) . Considered a contiguous gene syndrome (4) , multiple phenotypic features of variable degree have been described in individuals depending on the extent of deletion. These include developmental delay, skeletal anomalies, hearing loss, cardiac, neurological and urinary tract abnormalities.
Growth anomalies are present in 80% of affected individual (4) and include prenatal-onset growth failure, short stature and poor weight gain, although normal stature is possible in mild phenotypes. To depict growth patterns from 0 to 4 years of age, growth charts were developed using data from 101 patients from Netherlands, Great Britain, North America, Germany and Australia (6) . Among Asians, growth of 34 WHS Japanese children 0-17 years were collated and plotted against local norms (7) . Both data sets, as well as data from other case reports (8, 9) , describe marked growth retardation among children with WHS. However, information on pubertal growth and final height (FH) among WHS children was lacking. Growth hormone (GH) therapy was used in two Correspondence should be addressed to J X Siew Email siew.jia.xuan@singhealth. com.sg
Learning points:
• Pubertal growth characteristics and FH information in WHS is lacking.
• While pre-pubertal growth may be improved by GH, GH therapy may not translate to improvement in FH in WHS patients.
• Longitudinal growth, puberty and FH data of more WHS patients may improve the understanding of growth in its various phases (infancy/childhood/puberty).
GH-sufficient children with WHS, allowing pre-puberty catch up growth (9); however, pubertal growth and FH information was unavailable. We describe the complete growth journey of a girl with WHS from birth until FH, in relation to her mid parental height (MPH) and target range (TR). We also describe her growth trajectory and pubertal changes during childhood, when she was treated with GH from 3 years 8 months old till 6 months post menarche at age 11 years. The advantage of our report is the detailed capture of all important information to characterize the growth and pubertal changes, until FH.
Case presentation
Our patient was born at 29-week gestation with birth weight of 880 g, length 33 cm and OFC 23 cm, which correspond to the 16th (−0.99 sds), 5th (−1.64 sds) and 2nd (−2.13 sds) percentiles on the Fenton 2013 charts, respectively. Her parents were non-consanguineous with MPH at the 3-10th CDC percentile (−1.36 sds). There was history of premature rupture of membranes at 25-week gestation, for which IM dexamethasone was given. Her postnatal course was complicated by respiratory distress requiring intubation and surfactant, apnea of prematurity, presumed sepsis, bilateral grade 2 IVH, atrial septal defect (ASD), retinopathy of prematurity and poor weight gain requiring total parental nutrition and fortification of feeds. She was discharged home after 3 months of intensive neonatal care at corrected age of 40 weeks, when she weighed 2320 g and measured 46 cm, which were 1st (−2.55 sds) and 3rd (−1.95 sds) percentiles, respectively. She continued to have developmental assessments and immunizations in the community setting after discharge, where she was noted to have motor (walked at age 2 years) and speech delay, as well as poor appetite and food refusal, such that she had weight faltering and height stunting. When first seen in the endocrine clinic at chronological age 2 years 4 months, she measured 7.01 kg and 76 cm, giving BMI of 12.1 kg/m 2 , which correspond to −6.97 sds, −3.39 sds and −4.26 sds on the CDC 2-to 20-year growth charts ( Fig. 1 ), respectively. Examination showed a mentally alert toddler, who was thin but did not appear wasted. She walked with support, and neurological, respiratory and abdomen examinations were normal. She received nutrition advice, and measured 10 kg, 83.3 cm and 14.4 kg/m 2 by the time she was 3 years 8 months or −4.13 sds, −3.81 sds and −0.96 sds, respectively.
Investigation
Clinical diagnosis was not made at first presentation as she did not have classical features of WHS; however, she was dysmorphic (triangular face, beaked nose, frontal bossing), which prompted chromosome analysis that revealed 46 XX with suspected 4p telomeric deletion. Deletion of the 4p region was confirmed by fluorescent in situ hybridization (FISH) using a probe for WolfHirschhorn Critical Region (WHSCR) within 4p16.3. Parental karyotyping was declined.
GH stimulation (IM Glucagon 1 mg) showed peak GH of 52 U/L (normal >20) and baseline IGF1 of 199 µg/L (51-218), excluding GH deficiency. Thyroid function was normal. Investigations also identified small kidneys for age and mild proteinuria, but normal renal function during annual assessment. At age 7 years, she underwent Amplatzer device closure of the persistent ASD.
Treatment
GH commenced (0.03 mg/kg/day) at 3 years 8 months on the basis of extreme short stature and poor height velocity despite improvement in BMI, and the first year response to GH was 8.6 cm/year, twice the pre-GH velocity of 4.1 cm/year (Figs 1 and 2) . She was regular with GH injections (0.03-0.055 mg/kg/day), and there were no complications. She experienced feeding challenges and intermittent poor weight gain throughout her growing years but BMI remained age appropriate.
Outcome and follow-up
The GV range on GH before onset of secondary sex characteristics was 5-8.6 cm/year (from 4 years 8 months to 8 years 4 months). The pubertal GV pattern began after first clinical sign of adrenarche (i.e. onset of body odor) was observed at age 8 years 3 months, thelarche commenced from 9 years 6 months, peak GV occurred at 10 years and FH was attained at 13 years. The total pubertal height growth from thelarche to FH was 12.5 cm. Height and GV measurements, in relation to GH therapy and sex characteristics are presented in Table 1 .
She is independent in activities of daily living, attends school for vocational training and is currently on multi-disciplinary (endocrinology/genetics/nephrology) follow-up. Latest renal ultrasound shows normal-sized kidneys, and she has mild proteinuria but normal renal function.
Discussion
We described the complete growth journey and pubertal characteristics of a girl with WHS until FH.
She presented at age 3 years with faltering growth. Premature and SGA at birth, she remained short at 40 weeks, failed to catch up in height at 2 years 4 months and faltered further at 3 years 8 months, in spite of normalization of BMI. Postnatal GV until 3 years 8 months was well below the population 3rd percentile. However, this height growth pattern was appropriate when plotted against WHS 0-4 years charts (6). Our patient was not GH deficient but commenced GH therapy. Although there is no widely accepted ethical or practice guidelines for GH in WHS, we made a clinical anthropometric decision to treat, in line with idiopathic short stature (ISS) criteria based on poor GV and extreme short stature (height at commencement was 83.3 cm (−3.81 sds), normal BMI 14.6 (−0.96 sds) and lack of growth standards for WHS children.
Like others (9), we found that GV approximated mean population GV when she was treated with GH from 3 years 8 months till 8 years 8 months old (Fig. 2) . However, as puberty and FH information of individuals with WHS are sparse, our report details the height and GV measurements in relation to the development of sex characteristics.
The age of onset of secondary sex characteristics were appropriate, with clinical adrenarche (body odor) starting at 8 years 3 months, thelarche at 9 years 6 months and pubarche at 10 years. As age of onset of puberty (10, 11, 12) is defined by attainment of either Tanner stage 2 for breast or pubic hair, whichever earlier, the start of puberty in our patient was 9 years 6 months. This implies that the duration from thelarche to menarche was only 12 months, more rapid than usual compared to norms (12, 13, 14, 15) . Rapid progression of puberty was proposed by Shimojima to be a unique pattern of growth in WHS girls that prevents sufficient duration for pubertal growth, resulting in inadequate pubertal height gain (7) . By this definition of puberty, the total pubertal height gain of 12.5 cm seems severely compromised, compared to the estimated total pubertal growth of 19.2-21 cm in normal girls (16, 17) .
The main advantage of our report relates to the detailed capture of key information to characterize the growth and pubertal changes, up till FH. Growth measurements were taken in triplicate by two consistent observers using a wall-mounted stadiometer and physical examination conducted in detail and documented. Notably, the family was reliable, participative and duly attended all follow-up appointments.
In our patient, growth in the first 3 years of postnatal life was severely compromised, compounded by factors that include perinatal health, feeding challenges and the cardiac defect. These could have impacted FH through loss of early length/height growth and growth remained poor even after optimizing BMI from 2 years 4 months to 3 years 8 months. While pre-pubertal growth was improved by GH, GH therapy did not lead to improvement in FH, as previously postulated (9), in contrast to GH's proven impact on the FH of children with GH deficiency, Turner syndrome, SGA and ISS stature (18) . Our patient had rapidly progressive puberty, and it is difficult to distinguish if this was due to WHS or normal genetic variation. Since there are limited reports of the pattern of puberty and FH of WHS patients, it remains unclear if WHS individuals as a whole are predisposed to rapidly progressive puberty. Should this be the case, we could then speculate whether the 4p region has a role in the regulation of the tempo of puberty. This is currently unknown.
We show pubertal take off (i.e. height acceleration) commence even before the onset of clinical thelarche or pubarche. We postulate that her underlying genetic condition may have contributed to the growth pattern via unknown mechanisms as she did not have malnutrition, significant functional renal or cardiac impairment or social challenges.
We acknowledge that our report is limited by lack of serial bone age data. This report cannot be used to generalize the growth of other WHS patients as this is not the natural history of growth of a WHS patient since there was the use of GH despite being tested GH sufficient. While it is difficult to draw firm conclusions from a single patient, GH therapy should not be expected to provide substantial long-term growth benefit to children with WHS. Review of longitudinal growth and puberty data of more WHS patients may improve the understanding of growth in its various phases (infancy/childhood/puberty) and FH. This may help in constructing growth charts for older children with WHS, similar to charts in more common genetic conditions like Down syndrome and Turner syndrome so that informed decisions may be made in other WHS patients considering GH therapy. 
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